Long-term macrolide therapy has been proven to improve survival in patients with diffuse panbronchiolitis. Although its mechanisms remain unknown, previous studies have suggested the effects of macrolide might be anti-inflammatory rather than antibacterial. To elucidate the molecular mechanisms of its action, we studied here the effects of erythromycin (EM) and its new derivative, EM703, which shows no antibacterial action, on the activation of the transcription factor nuclear factor-B (NF-B) in human bronchial epithelial cells. Western blotting analysis showed that EM did not inhibit the degradation of IB␣, suggesting the molecular target for EM was not the dissociation of NF-B from IB. An electrophoretic mobility shift assay showed that EM did not interrupt the NF-B DNA-binding activity in the nucleus under the conditions tested. Moreover, not only EM but also EM703 suppressed the activation of NF-B and the production of interleukin-8, demonstrating that the anti-inflammatory action of the macrolide is independent of its antibacterial activity. Taken together, these data suggest EM has an anti-inflammatory action, presumably via an interaction with the NF-B signaling pathway in the downstream of the dissociation from IB, resulting in the inhibition of NF-B.
Erythromycin (EM), a macrolide antibiotic, has been reported to be effective for the treatment of chronic diseases, such as diffuse panbronchiolitis and chronic sinusitis, with its long-term and low-dose administration (8, 9) . EM cannot be expected to act as an antibacterial agent at this concentration, suggesting that EM has some anti-inflammatory actions (14, 15) . For instance, EM inhibits the production of proinflammatory cytokine such as interleukin-6 (IL-6) and IL-8, the expression of adhesion molecules on neutrophils, and mucus secretion from human airways (19, 20) .
Expression of several genes, including IL-6, IL-8, and tumor necrosis factor alpha (TNF-␣) genes, is controlled by several DNA-binding proteins that interact with specific sequence motifs in the promoter region of the gene. IL-8 expression is elicited by stimuli that cause translocation of nuclear factor-B (NF-B) and activator protein-1 (AP-1) to the nucleus. NF-B is in an inactive form in the cytoplasm, complexed to an anchoring protein, IB. Stimulation with a variety of agents, including phorbol myristate acetate (PMA) and TNF-␣, leads to activation and translocation of NF-B into the nucleus. During the activation, NF-B is released from IB through the phosphorylation and degradation of IB. In the nucleus, reduction-oxidation (redox) regulation plays a pivotal role in the activation of NF-B, since oxidation of NF-B subunits in vitro abolishes their DNA-binding activity (7, 22) . Previous studies in our laboratory have demonstrated that the release of IL-8, a neutrophil chemoattractant peptide, from bronchial epithelial cells was increased after stimulation with IL-1␣, which was inhibited by macrolide antibiotics (19) . Moreover, we have already reported that EM inhibited the activation of both NF-B and AP-1 in human bronchial epithelial cells (5) . However, it remains unknown which process is involved in the inhibition of transcription factors with EM. Therefore, the pathway for signaling cytokine production was investigated.
In the experiments described here, we examined how EM has an inhibitory effect on the activation of transcription factors such as NF-B in the process of the signal transduction and DNA-binding activity. Moreover, to clarify whether antiinflammatory action of EM is independent of antimicrobial action, we examined the suppressive effect of EM703, a new EM derivative with no antibacterial action, on the activation of NF-B and AP-1. We showed that EM703 demonstrates an anti-inflammatory action, presumably through inhibiting the activation of NF-B, suggesting that this new macrolide derivative has some immunomodulatory action independent of its antibacterial one.
MATERIALS AND METHODS
Culture of bronchial epithelial cells. The human bronchial epithelial cell line BET-1A (kindly provided by J. F. Lechner and C. C. Harris, National Cancer Institute, Bethesda, Md.) was cultured by the method reported previously (18) . Briefly, the cells were plated onto collagen-coated 24-well flat-bottom tissue culture plates (Koken, Tokyo, Japan) at the density of 5 ϫ 10 4 cells/well in hormonally defined Ham F-12 medium (HD-F12) as reported. HD-F12 contained 1% penicillin-streptomycin, 5 g of insulin (Life Technologies, Grand Island, N.Y.)/ml, 5 g of transferrin (Life Technologies)/ml, 25 ng of epidermal growth factor (Collaborative Research, Lexington, Mass.)/ml, 15 g of endothelial cell growth supplement (Collaborative Research)/ml, 2 ϫ 10 Ϫ10 M triiodothyronin (Life Technologies), and 10 Ϫ7 M hydrocortisone(Life Technologies).
The cells were incubated in a humidified atmosphere at 37°C and 5% CO 2 . The medium was changed at day 1 and subsequently every 2 days. EM703 was chemically semisynthesized in the laboratory of Kitasato Medical Institute, Tokyo, Japan (Fig. 1) . For the evaluation of effects of EM and its derivative EM703, the cells were incubated with various concentrations of EM or EM703 before the stimulation by TNF-␣ or PMA (Sigma Chemical Co., St. Louis, Mo.). The number of the cells was counted by using a standard hemocytometer, and cell viability was assessed by the trypan blue dye exclusion method. Western blot analysis for IB␣ and phosphorylated IB␣. BET-1A cells were washed once in phosphate-buffered saline and lysed in ice-cold lysis buffer (50 mM Tris [pH 8.0], 110 mM NaCl, 5 mM EDTA, and 1% Triton X-100). Protein concentrations were measured by using the Bradford assay (Bio-Rad, Richmond, Calif.). Cytoplasmic lysates containing 50 g of protein were boiled with equal volumes of treatment buffer (0.125 M Tris [pH 6.8], 4% sodium dodecyl sulfate, 20% glycerol, and 10% 2-␤-mercaptoethanol); separated by sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis under reducing conditions; and electrotransferred to polyvinylidene difluoride membranes (Millipore, Bedford, Mass.) as described previously (12) . Polyclonal antibodies against either IB␣ or phosphorylated IB␣ (New England Biolabs, Beverly, Mass.) were applied. Proteins were visualized by using the enhanced chemiluminescence kit from DuPont and Kodak X-Omat radiographic film (Eastman Kodak, Rochester, N.Y.).
Electrophoretic mobility shift assay (EMSA). After the cells were washed with phosphate-buffered saline, the nuclear proteins were isolated by a previously reported method (21) with some modifications. In brief, 2 ϫ 10 6 to 3 ϫ 10 6 cells were harvested with the addition of trypsin-EDTA solution (Life Technologies), rinsed in Tris-buffered saline, resuspended in lysis buffer (10 mM HEPES, 10 mM KCl, 0.1 mM EGTA, 1 mM dithiothreitol [DTT], 0.1 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride), and incubated on ice for 15 min. Nonidet P-40 (10%) was added to lyse the cells, and then the cells were centrifuged for 6 min at 4°C at 600 ϫ g. The nuclear pellet was resuspended in extraction buffer (20 mM HEPES, 50 mM KCl, 400 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride) and vortexed for 15 min at 12,000 rpm at 4°C. The supernatant was collected, divided into aliquots, and stored at Ϫ70°C. The protein concentration was determined by the Bradford dye-binding procedure (Bio-Rad Protein Assay), standardized with bovine serum albumin. For the detection of NF-B DNA binding, a gel shift assay system Promega (Madison, Wis.) was used. The sequences of the oligonucleotides containing a tandem repeat of the consensus sequence for NF-B DNA-binding site were as follows: 5Ј-AGTTGAGGGGACTTTCCCAGGC-3Ј and 3Ј-TCAACTCCCCTG AAAGGGTCCG-5Ј. The specific oligonucleotide sequences for doublestranded DNA for AP-1 were as follows: 5Ј-CGCTTGATGAGTCAGCCGGA A-3Ј and 3Ј-GCGAACTACTCAGTCGGCCTT-5Ј. Synthetic double-stranded oligonucleotides were labeled with [␥-32 P]ATP by using T4 polynucleotide kinase as recommended by the manufacturer. The DNA-binding reaction was conducted at room temperature for 20 min in a volume of 25 l. The reaction mixture contained 10 g of nuclear extract, 10 mM Tris (pH 7.5), 1 mM EDTA, 100 mM NaCl, 1 mM DTT, 1 mM EGTA, 4% (vol/vol) glycerol, 0.08 mg of sonicated salmon sperm DNA/ml, and 32 P-labeled double-stranded oligonucleotides at 0.7 fmol/g of nuclear extract. After incubation, the samples were loaded onto a 4% polyacrylamide gel (polyacrylamide-bispolyacrylamide, 30: 0.8% [wt/vol]-2.5% glycerol in 0.5ϫ Tris-borate-EDTA) and run at 120 V for 2 h. Each gel was then dried and subjected to autoradiography.
For supershift studies, 2 l of anti-p65, anti-p50 (Santa Cruz Biotechnology, Inc., Santa Cruz, Calif.), or control antiserum was added to the reaction mixture containing the NF-B oligonucleotide. Binding of the antibody to the appropriate transcription factor was indicated by a supershift in the EMSA. N-Acetylcysteine (NAC; Sigma) was added to nuclear extracts from BET-1A for determination of the DNA-binding activity of NF-B, as well as ampicillin sodium salt (ABPC).
Cytokine assay. The specific immunoreactivity for IL-8 in culture supernatants was measured by enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, Minneapolis, Minn.). Each sample was assayed in duplicates as recommended by the manufacturer.
Statistical analysis. The results were analyzed by nonparametric equivalents of analysis of variance (ANOVA) for multiple comparison as reported previously (3, 4) .
RESULTS

Effect of EM on TNF-␣-mediated activation of NF-B.
BET-1A cells were treated with EM for 24 h before the addition of 10 ng of TNF-␣/ml, and the nuclear extracts were isolated 10 min after the addition of TNF-␣ for EMSA as described in Materials and Methods. The specificity of the NF-B binding was ascertained by the supershift of the bands with the antibody to p50 and p65, as well as the increased intensity of the signals with excess amounts of cold DNA AP-1 probe (Fig. 2A) . The activation of NF-B induced by TNF-␣ was inhibited by the preincubation with EM at the concentration of 10 Ϫ6 M (Fig. 2B) .
Effect of EM on TNF-␣-mediated degradation of IB␣.
IB␣ is a potent inhibitor of NF-B, and the degradation of IB␣ via the ubiquitin pathway is necessary for NF-B nuclear translocation. Therefore, we examined the effect of EM on the degradation of IB␣. The addition of 10 ng of TNF-␣/ml resulted in the degradation of IB␣ in 5 min (Fig. 3) . Incubation with 10 Ϫ6 M EM for 24 h had no effect on this degradation of IB␣. These results suggest that EM acts in the signaling pathway besides the interaction with IB␣.
Effect of EM on the DNA-binding activity of NF-B. Activation of BET-1A cells results in dissociation of NF-B from IB and its translocation to nucleus. The DNA-binding activity of NF-B in the nucleus is regulated by an oxidoreductive mechanism (22) . Oxidation of NF-B in the nucleus abolishes the DNA-binding activity, and the subsequent reduction restores the activity (7). Therefore, we used NAC as a positive control for the reduction of NF-B to examine the DNAbinding activity. Nuclear extracts were isolated from BET-1A cells for EMSA as described in Materials and Methods and were preincubated with various concentrations of EM and ABPC, as well as 1 mM NAC, prior to the addition of radiolabeled NF-B probe. NAC increased the protein-DNA binding, whereas EM or ABPC did not show any effects under the conditions tested (Fig. 4A) . We previously showed that EM suppressed AP-1 activation, as well as NF-B in BET-1A cells (5); we examined here the DNA-binding activity of AP-1 in the nucleus. EMSA showed that NAC increased the protein-DNA binding, whereas EM or ABPC did not show any effects (Fig.  4B) .
Effect of EM703 on the activation of NF-B and AP-1. EM703 (Fig. 1) is a new EM derivative that has no antimicrobial or gastrointestinal motor-stimulating (GMS) activity. We examined the inhibitory effect of EM703 on the activation of NF-B and AP-1 to clarify whether the anti-inflammatory action of EM is independent of its antibacterial action. BET-1A cells were treated with EM703 for 24 h at several concentrations before the addition of 10 Ϫ7 M PMA, and the nuclear extracts were isolated 1 h after the addition of PMA for EMSA as described in Materials and Methods. The activation of NF-B, as well as AP-1, induced by PMA was inhibited by the preincubation with EM703 at the concentration of 10 Ϫ5 M (Fig. 5) .
Effect of EM703 on production of IL-8. BET-1A cells spontaneously released IL-8 protein into the extracellular medium, as assessed by ELISA. The addition of exogenous PMA (at 1.0 ϫ 10 Ϫ7 M) to these cells for 6 h induced a significant release of IL-8 ( Fig. 6 , P Ͻ 0.01 [ANOVA]). PMA was administered for 6 h after the cells were incubated with EM703 or EM at a concentration of 10 Ϫ5 M for 24 h, and IL-8 proteins in the supernatants were measured by ELISA. Both EM703 and EM inhibited the release of IL-8 protein (Fig. 6 , percent inhibition 
DISCUSSION
In the present study, we examined the inhibitory effect of EM on the signaling pathway through the activation of NF-B.
Cell activation by inflammatory mediators, such as TNF-␣, causes rapid degradation of the regulatory protein IB␣, allowing nuclear translocation of the NF-B complex, which results in transcriptional activation of target genes (10) . We showed that EM inhibits the TNF-␣-mediated activation of NF-B. In the cytosol, NF-B is in an inactive form bound to an inhibitory molecule, IB␣. Degradation of IB␣ by the ubiquitin-dependent proteosome is necessary for NF-B activation and nuclear translocation. We demonstrated that EM does not have any effect on the degradation of IB␣ in human bronchial epithelial cells, suggesting that EM acts in the signaling pathway other than the interaction with IB␣.
NF-B is a redox-sensitive transcription factor known to be activated by oxidants, as well as reductants (2) . The redox response of transcription factors appears to be complex, with slight differences in redox state resulting in either activation or repression. Redox-sensitive transcription factors, including NF-B, share the common requirement of basic regions containing highly conserved cysteine residues in the DNA-binding domains to facilitate transcriptional activation. Several studies have shown that reducing agents increase NF-B binding to DNA and that a reduced cysteine in the p50 subunit is required for DNA binding (2, 7, 17, 22) . An oxidative environment is associated with NF-B activation, since NF-B activation through IB␣ degradation occurs under oxidized conditions in the cytosol. However, once inside the nucleus, a reducing environment favors the binding of NF-B to its consensus sequence. Thus, the biphasic property of the NF-B signaling pathway can be regulated by oxidants, as well as antioxidants. In the reduced state, the redox balance prevents the IB␣ degradation in the cytosol, while accelerating the DNA binding processes in the nucleus. EM was proved to inhibit the superoxide generation of neutrophils exposed to PMA (23). Sato et al. reported that EM treatment improved the survival ratio of influenza virus-infected mice by decreasing free radicals such as nitric oxide (16) . To investigate the effects of EM on the DNA binding of NF-B in the nucleus, we added EM to the EMSA reaction mixture in vitro. NAC was used as a positive control to activate the DNA binding of NF-B in the nucleus, since it is a glutathione precursor and an important antioxidant for regulating the redox balance. We demonstrated that EM had no effect on the DNA-binding activity of NF-B, whereas NAC induced its activation in the nucleus.
The Fos and Jun proteins are components of another family of nuclear transcription factors that have been implicated in the regulation of inflammatory responses. Fos and Jun form a heterodimeric complex known as the activator protein-1 (AP-1) that interacts with a DNA sequence (6) . The transcription of IL-8 gene requires the coordinated activation of several transcription factors, including NF-B and AP-1. NF-B is the most crucial factor for IL-8 gene transcription, although AP-1 is required for maximal expression (11) . The DNA-binding region of Fos and Jun also contains a characteristic sequence with cysteine residues. Therefore, we also investigated the effects of EM on the DNA binding of AP-1 in the nucleus. We demonstrated that EM had no effect on the DNA-binding activity of AP-1, whereas NAC induced its activation. These results suggest that the activation of AP-1 is inhibited by the oxidative environment in the nucleus and is susceptible to redox regulation as well as NF-B. However, EM had no effects on the redox environment that regulates the activation of transcription factors, including NF-B and AP-1. EM has a GMS activity in vivo, and this GMS activity is specific for EM and closely related 14-membered macrolides (13) . The structure of macrolides gives diverse biological properties, such as antibacterial, GMS, and immunomodulating activities. EM does not always have the most desirable properties for anti-inflammatory action in the treatment of patients with diffuse panbronchiolitis, since the long-term use of EM may produces drug-resistant bacteria. Moreover, strong GMS activity of some EM derivatives may induce nausea and diarrhea, preventing the clinical use of these derivatives. Therefore, many efforts have been made to resolve problems such as spectrum of activities, drug resistance, GMS activity, and toxicities. Chemical modification and microbial transformation of the lactone ring or sugar moiety result in the increase of one action and the decrease of another. The antimicrobial activity of EM is extremely sensitive to small changes in the configuration of the lactone ring. Cleavage of the lactone ring by esterase destroys the antimicrobial activity (1). EM703 is a contracted 12-membered derivative of EM with neither antimicrobial nor GMS activity. However, our data showed that this derivative has an inhibitory action on the activation of NF-B and AP-1, as well as on the production of proinflammatory chemokine such as IL-8, demonstrating that the antiinflammatory action of macrolides is independent of antibacterial action. Although the structural factors of EM and its derivatives have not yet been clarified in relation to their antiinflammatory activities, this new derivative of EM exhibited anti-inflammatory action without bactericidal activity. Since anti-inflammatory actions include antineutrophilic activities by the inhibition of IL-8, we expect EM703 to be useful for the treatment of systemic inflammatory diseases, including chronic airway diseases, chronic bowel disease, and skin diseases.
The inhibitory effect on the activation of transcription factors in human bronchial epithelial cells reported here can play a pivotal role in the treatment of chronic airway inflammations. Although the molecular mechanism of anti-inflammatory action of EM remains unclear, characterization of the chemical structure responsible for its potential would be important to pursue, and further investigation for the molecular mechanism is necessary for a possible new type of anti-inflammatory agent.
